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We report the first demonstration of thermally controlled soliton modelocked frequency comb generation in
microresonators. By controlling the electric current through heaters integrated with silicon nitride microres-
onators, we demonstrate a systematic and repeatable pathway to single- and multi-soliton modelocked states
without adjusting the pump laser wavelength. Such an approach could greatly simplify the generation of
modelocked frequency combs and facilitate applications such as chip-based dual-comb spectroscopy.
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Optical frequency comb generation is a revolutionary
technology that enables new capabilities in spectroscopy
[1], time and frequency metrology [2], optical arbitrary
waveform generation [3], low-noise radio frequency (RF)
signal generation [4], and optical clockwork [5, 6]. Re-
cently, there has been a significant development in fre-
quency comb technology based on microresonators with
demonstrations in calcium fluoride [7], magnesium fluo-
ride (MgF2) [8, 9], silica [10–12], aluminum nitride [13],
diamond [14], silicon [15], and silicon nitride (Si3N4) [16–
21]. Si3N4 has emerged as a particularly attractive plat-
form for chip-scale frequency comb generation, since it
uses a CMOS-compatible fabrication process [22] and al-
lows for integration of electronics and optical elements in
a compact, robust, and portable device. This will open
up applications of frequency combs to a wider range of
environments as compared to current frequency comb
sources that are mostly limited to controlled laboratory
environments.
In order to utilize microresonator-based combs for pre-
cision time and frequency applications, the comb output
must be in the low-noise modelocked state [9, 19]. In mi-
croresonators, the generation of a single- or multi-soliton
state in the ring corresponds to passive modelocking and
ultrashort pulse formation. To date, single-soliton states
∗ Corresponding author: chaitanya.joshi@columbia.edu
have been generated in microresonators using pump fre-
quency tuning in MgF2 [9], silica [12], and Si3N4 [19],
and with pump power control in Si3N4 [18]. A theoreti-
cal study of a definitive route to soliton modelocking in
microresonators by varying the frequency or the power
of the pump laser has been previously described [23–27].
By tuning the frequency of the pump laser, the generated
comb transitions through a sequence of distinct states to
ultimately reach the low-noise soliton state [28].
However, the use of laser frequency tuning in comb
generation has drawbacks. The performance of the comb
is limited by the linewidth and the amplitude noise of
the pump since the dynamics of frequency comb genera-
tion is governed by parametric four-wave mixing (FWM)
[29, 30]. Tunable lasers suffer from the drawback that
they are relatively noisy and have a broader linewidth
that is usually of the order of a hundred kHz. In con-
trast, fixed-frequency lasers can be operated with signifi-
cantly lower noise and narrower linewidths than tunable
lasers as the laser cavity is monolithic, and the lack of
moving components eliminates sources of noise. Addi-
tionally, by locking the output to a frequency reference,
the linewidth can be further reduced. Recent demon-
strations of locked fixed-frequency lasers have shown
linewidths of 640 mHz [31]. Using a locked low-noise
and narrow linewidth fixed-frequency laser as the pump
in place of tunable lasers will significantly reduce the
noise on the generated comb lines. In addition, with the
pump laser frequency fixed, the only uncertain parame-
2ter to fully determine the frequencies of the comb lines
becomes the free spectral range (FSR). Locking the FSR
will allow for a fully-stabilized comb where the frequency
of each comb line can be determined. Furthermore, con-
trol of the cavity resonance frequency rather than the
pump frequency allows for the simultaneous generation
of modelocked frequency combs in multiple resonators on
a single chip using a single fixed-frequency pump laser.
This is essential for applications such as dual-comb spec-
troscopy [32] that requires two frequency comb sources
that have a slightly different FSR. Thermal tuning of
the resonance has previously been demonstrated using
pump power control [18], electro-optic tuning [13],and
integrated heaters [21] for comb generation.
Here, we report the first demonstration of soliton
modelocking in Si3N4 microresonators using integrated
heaters for thermal control of the cavity resonance. Cur-
rent control of integrated heaters results in a change in
the waveguide refractive index due to the thermo-optic
effect, which changes the resonant frequency of the cav-
ity [33]. We present a repeatable and systematic method
for achieving low-noise single- and multi-soliton states
using a narrow linewidth fixed-frequency laser as the
pump.
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Fig. 1. (a) The pump power transmission as the tunable
laser frequency is scanned across the resonance. The step-
like structure characteristic of soliton formation is indicated
by the arrow. (b) The measured optical spectrum for a single-
soliton modelocked state with the fitted sech2-pulse spectrum
(blue dashed line). The 3 dB bandwidth of the soliton is 24
nm.
In our experiment, we use an oxide-clad Si3N4 mi-
croring resonator with a FSR of 200 GHz and a cross
section of 950 × 1500 nm. The waveguide cross sec-
tion is chosen such that a region of anomalous group-
velocity dispersion (GVD) exists near the pump wave-
length [34]. Initially, we characterize the resonator using
a tunable laser at 1540 nm. We amplify the laser using
an erbium-doped fiber amplifier (EDFA) and couple 56
mW of power into the bus waveguide for comb gener-
ation. We change the detuning of the laser with re-
spect to the resonance frequency of the microresonator
by scanning the laser frequency using piezoelectric tun-
ing. We monitor the transmitted power at the pump
mode using a fast photodiode (>12.5 GHz) and observe
the optical spectrum on an optical spectrum analyzer
(OSA). We modulate the laser frequency using a trian-
gular waveform and record the pump transmission over
one resonance scan as seen in Fig. 1(a). We observe the
characteristic step-like structure indicative of the tran-
sition into modelocked soliton states as demonstrated in
previous work [9]. Furthermore, the measured optical
spectrum is in agreement with the fitted sech2 spectrum
denoted by the dashed blue curve in Fig. 1(b).
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Fig. 2. Experimental setup for generation and characteriza-
tion of soliton modelocked states in Si3N4 microresonators.
We characterize the optical spectrum, RF amplitude noise
spectrum, and transmitted pump power simultaneously. In-
tegrated resistive heaters are used to tune the resonance fre-
quency to generate frequency combs.
To demonstrate the feasibility of generating soli-
ton modelocked combs using thermal tuning, we use
a continuous-wave fixed-frequency laser with a narrow
linewidth of 1 kHz at a wavelength of 1559.79 nm as
the pump laser. We amplify the output using a high
power EDFA and couple 71 mW into the bus waveguide
using a lensed fiber. For comb generation, the nearest
resonance frequency is tuned by varying electric current
through the integrated platinum resistive heaters, which
have an electrical resistance of 240 Ω. We require about
150 mW of electrical power to tune the nearest resonance
frequency close to the pump laser frequency. We mon-
itor the optical spectrum, RF spectrum, and transmit-
ted pump power of the generated comb. Figure 2 shows
the setup used for generation and characterization of
frequency combs using thermal tuning. The free-space
output is collected using a combination of an aspheric
lens and a collimator and coupled into a fiber. The light
is then split 80:20 using a fiber power splitter, and the
smaller fraction of the power is sent to the OSA to record
the generated comb spectrum as it transitions through
the comb formation dynamics. The remaining power is
sent to a wavelength division multiplexing (WDM) fil-
ter with a 100-GHz transmission window centred at the
pump wavelength. The transmitted light through the fil-
ter is sent to a fast photodiode (>12.5 GHz) to monitor
the pump transmission as the resonance is tuned. The
reflected light from the WDM filter is sent to a second
fast photodide that is used to monitor the RF amplitude
noise on the generated comb close to DC (0-900 MHz)
using a RF spectrum analyzer at a resolution bandwidth
of 100 kHz.
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Fig. 3. Oscilloscope trace of the pump transmission as the
current on the integrated heater is modulated with a tri-
angular waveform. The steps indicated by the arrows are
characteristic of transitions between different multi-soliton
states.
We apply a triangular modulation to the heater cur-
rent to scan the cavity resonance near the laser wave-
length. This corresponds to a 5 mW change in the elec-
trical power applied to the heater. Similar to the case
with laser frequency tuning, we observe the character-
istic steps in the pump power transmission (Fig. 3), in
which each step is indicative of a transition from a higher
to a lower number of solitons. The final step consists of
a transition from the single-soliton state to the laser fre-
quency dropping out of the cavity resonance.
We study the evolution of the comb generation process
and observe transitions into various comb states as we
change the resonance frequency with respect to the laser
frequency (Fig. 4). As the power in the resonator builds
up, we see the primary sidebands form at the parametric
gain peak due to degenerate FWM [Fig. 4(i)]. The RF
amplitude noise at this stage is low since it corresponds
to parametric oscillation for a single signal and idler pair.
Tuning the resonance further, we see mini-comb forma-
tion [Fig. 4(ii)] with natively spaced lines near the pri-
mary sidebands. The interaction of the separate mini-
combs within the cavity manifests on the RF spectrum
as a sharp spike. Subsequently, we observe the transi-
tion into the broadband high-noise regime [Fig. 4(iii)],
and the RF noise peak also broadens. Finally, the sys-
tem undergoes a transition to the single-soliton state
[Fig. 4(iv)] with the reduction of the RF noise and the
optical spectrum showing the characteristic shape of a
sech2-pulse spectrum.
It is important to note that the single-soliton state
can be achieved by scanning through the cavity reso-
nance using thermal tuning at a sufficiently high speed.
The temperature of the ring depends on the coupled
pump power and the thermal time constant of the ring.
The speed of the thermal scan affects the rate at which
the coupled pump power in the ring changes. Thus the
speed of the scan affects the temperature variation in
the ring. The soliton state occurs at a certain equi-
librium temperature inside the ring, and when we scan
the resonance frequency at a slow rate (200 Hz) using
a triangular modulation, we observe that the steps cor-
responding to the soliton formation are narrow and are
not consistent from one scan to the next. Here, the scan
is significantly slower than the thermal time constant,
and the temperature of the ring rises above the equi-
librium soliton temperature, which prevents the system
from reaching the soliton state consistently. At higher
scan speeds (e.g., 10 kHz), we see the steps on the pump
transmission are wider and consistent from one scan to
the next. Here, the thermal scan speed is closer to the
thermal time constant of the ring, and the correspond-
ing variation in temperature of the ring is smaller. The
system is consistently able to reach the equilibrium tem-
perature and the soliton state. Similar behavior has been
previously reported in [9] where the speed of the pump
frequency scan affects the reproducibility of the soliton
states.
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Fig. 4. Evolution of the generated frequency comb spectrum
as the cavity resonance is tuned by varying the heater cur-
rent. The optical and RF spectra as the comb evolves cor-
respond to (i) the initial cascaded FWM, (ii) the mini-comb
formation, (iii) the broadband high-noise regime, with the
plateau-like optical spectrum and broad noise peak and (iv)
the low-noise single-soliton state with a fitted sech2-spectral
profile (blue dashed curve). The 3 dB bandwidth of the soli-
ton is 20 nm.
We start the scan with the laser frequency blue de-
tuned with respect to the resonance frequency of the
ring and apply a downward ramp that is at a speed
that enables the formation of the soliton state as ex-
plained above. This ramp blue shifts the resonance and
the comb evolves as shown in Fig. 4. At the end of
the ramp before terminating the scan, we apply a small
rise in the current that corresponds to a red shift of
the resonance. We repeat this current modulation every
200 ms and record a persistence trace of the transmitted
pump power lasting 3 seconds. The transmission trace
indicates clearly that the system reaches the same final
soliton state over all 15 scans as seen in Fig. 5(a). The
tuning curve of the current modulation can be seen in
Fig. 5(b). We observe that the red detuning prior to
terminating the scan makes the formation of the soli-
4ton state more repeatable as compared to a ramp signal
without the red shift. The repeatability of the soliton
state is affected by drift of the input fiber coupling that
leads to fluctuations in the coupled power. In a pack-
aged device, the issue of input coupling fluctuations will
be eliminated since the pump laser will not physically
drift with respect to the bus waveguide. A similar result
was recently demonstrated using pump frequency tun-
ing with the ’backward tuning’ method that allows for
repeatable soliton formation [35]. Our tuning curve for
the resonance frequency [Fig. 5(b)] is analogous to the
’backward tuning’ method presented in that work with
a blue shift using the downward slope and a subsequent
red shift due to the upward ramp that allows repeatable
soliton formation. Furthermore, we can also switch from
a higher number of solitons to a lower number of solitons
by slowly increasing the heater current and red shifting
the resonance once it is in a stable multi-soliton state.
Repeatable 
Soliton State
(a)
(b)
Fig. 5. (a) A persistence trace of the pump transmission
recorded over 3 seconds. We see that the comb returns to
the same soliton state over 15 consecutive traces. The mod-
ulation signal sent to the current source is shown in (b). The
downward slope corresponds to a blue-shift of the resonance.
The abrupt increase in current red-shifts the resonance and
leads to the repeatable generation of the soliton state.
We can choose the final state of the frequency comb by
adjusting the red shift before we terminate the scan. By
modifying this termination point, we observe different
multi-soliton states. The relative positions of the mul-
tiple solitons in the ring result in modulations on the
sech2-spectral profile. The measured multi-soliton spec-
tra are depicted in Fig. 6. Of particular interest is the
spectrum depicted in Fig. 6(a) where every other comb
line in the spectrum is extinguished. This is indicative
of a two-soliton state with the two solitons exactly half a
roundtrip apart, corresponding to harmonic modelock-
ing [36].
In conclusion, we report the first demonstration
of low-noise single-soliton states in Si3N4 microring
resonators using thermal control of integrated heaters.
We demonstrate a systematic and repeatable pathway
to tune into single- and multi-soliton states by changing
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Fig. 6. Measured spectra for three different multi-soliton
states (a), (b), and (c). The modulations on the spectra are
due to the spectral interference among multiple modelocked
solitons within one roundtrip of the cavity (blue dashed line
indicates a fitted sech2 envelope for a single-soliton). The
spectrum in (a) is indicative of a two soliton state with the
pulses half a round trip apart.
the electrical power on the heaters by 5 mW from 150
mW. The system also allows for progressive switching
from a higher number of solitons in the cavity toward
a single-soliton state. Thermal control enables the use
of low-noise fixed-frequency lasers which will lead to
monolithic design of a fully integrated chip-scale comb
source. Furthermore, the technique will enable the
simultaneous generation of multiple modelocked combs
from a single pump source, which is critical for the
realization of coherent spectroscopic applications such
as dual-comb spectroscopy.
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